Measured XRD patterns to observe the formation of iron oxide crystal and the evolution of crystal phases.
The XRD analyses were carried out to mechanistically observe the formation of iron oxide crystals and phase transition over the time period of ripening. For this purpose, multiple samples were prepared with an aqueous solution of Fe (NO 3 aggregate was prepared for XRD analysis after the filtration and drying. In the analysis, the samples were used without removal of salts to preserve pristine crystal phases. Fig.   S1 shows the evolution of XRD patterns for the samples recovered over the ripening time of starting solution at a pH7. The initially formed solid phase mainly composed of ferrihydrite. The phase transition from ferrihydrite to hematite started to occur at around 24h for a given condition. Based on the ripening hours observed, the appropriate ripening time was decided to control the morphology and crystal phase in other experiments. Figure S2 . XRD patterns of as-synthesized iron oxide samples that are prepared at high pH conditions. The starting solutions are adjusted to (a) 10, (b) 11, and (c) 12, respectively.
Fig . S2 shows the XRD patterns for crystal structures synthesized at strongly basic conditions (pH 10-12). At these conditions, the primary crystal phases were obtained as a goethite. No significant difference of characteristic peaks for synthesized iron oxide was found once pH level of starting solution is beyond 9. The synthetic route at a strong basic condition basically didn't follow a pathway to produce α-Fe 2 O 3 , instead the polymerization of iron oxyhydroxide formed the yellowish goethite precipitation. Figure S3 . SEM images of as-synthesized iron oxide samples that are prepared at high pH conditions. The starting solutions are adjusted to (a) 10, (b) 11, and (c) 12, respectively. hematite could be observed in the XRD patterns. But we were not able to identify any unique mesoporous structures other than the similar morphologies shown in Fig. S3 . Figure S4 . SEM image of calcined iron oxide nanoparticles prepared without hydrochloric acid.
Fig . S4 shows a SEM image for calcined iron oxide that was prepared from the solution at the same condition with the one described in the experimental part except but no addition of hydrochloric acid. The synthesis without hydrochloric acid led to mainly spherical iron oxide crystals even though we adjusted initial precursor solution to the same pH level. We were not able to clearly verify the role of HCl yet, but it seems help the formation of initial micellar structure by P123. Figure S5 . SEM image of calcined iron oxide nanoparticles prepared without P123.
Next, we checked the morphology of iron oxide synthesized without P123. In a similar way to previous, the aqueous solution was prepared by the same procedure nothing but zero concentration of P123. Basically, P123 is non-ionic. And thus it is expected that the net electronic charge of solution are not significantly influenced. In this case, any unique shapes or consistently mesoporous structures were not observed in the final iron oxide nanocrystals. The result implies that non-ionic P123 is necessary to derive the mesoporous iron oxide structure. In the commercial slurry-phase hydrocracking processes employing iron oxide catalysts, the catalysts are applied as a once-through mode mainly because the catalyst recycle adds more complexity and subsequent high investment cost which could not be offset by the reduction in operating cost. In these technologies, the price for catalysts occupies very small fraction among other operating costs. Nevertheless, the recycle tests of wormlike may have a significance to investigate stability of the catalyst, in case expensive metals, such as molybdenum, are added although the amount used is relatively small. In this respect, we have tested the catalytic activities with the recycled catalysts by observing crystal structure changes with XRD and SEM images. The properties of feedstock used for hydrocracking tests in the current study are listed in Table S1 . The corresponding results (Fig. S7 through Fig. S10 ) are described in the followings Figure S7 . The product distributions after the hydrocracking of (a) no catalyst addition, The catalytic activity and stability changes were investigated by recycling the catalysts with heavy oils make-up. In each run, the catalyst was provided without air regeneration or separation from the solid cokes to preserve active form of the iron-based catalyst. In slurry-phase hydrocracking of heavy residual hydrocarbons, iron oxide catalysts are converted into the sulfide form, i.e. pyrrhotite (Fe (x−1) S x ; JCPDS 29-0723), which is an active form for the hydrogenation of hydrocarbons. The structural changes of worm-like iron oxide are further discussed later. As shown in Fig. S7 , for a given number of recycle tests, the catalysts shows a stable hydrocracking abilities including high conversion and high yield of valuable products (the yield of naphtha and middle distillate is kept at around 49%) while there are some variations in the amount of coke and gas formation. Figure S8 . The product distributions after the hydrocracking with (a) the catalyst in the present work and (b) the iron oxide based commercial catalyst.
Fig . S8 shows the compared catalytic performances for the slurry-phase hydrocracking of heavy residual hydrocarbon over the synthesize catalysts in the current study and the commercially available catalysts (RM Scarlet SPN grade provided by KC Co.; Average particle size ~13µm). Both catalysts shows similar liquid product yield distributions, but the worm-like iron oxide catalysts shows a better performance in terms of overall liquid product yield, conversion, and less amount of gas and coke formations.
The XRD patterns of recovered iron-based catalysts after the hydrocracking tests (presented in Fig. S7 and Fig. S8 ) are depicted in Fig. S9 . The initial hematite crystalline structures are converted into the pyrrhotite forms for both the catalysts synthesized in the current study and the commercial iron oxide catalysts. The characteristic peaks of pyrrhotite disappear along the repeated hydrocracking tests for the recycled catalysts. 
